TECHNICAL REPORT
Quality control of mass production of PMT modules for DAMPE
Introduction
The Dark Matter Particle Explorer (DAMPE) satellite [1, 2] has been operating in space since December 17, 2015 , and considerable science data have already been obtained. The BGO electromagnetic calorimeter (BGO ECAL) is the key sub-detector of DAMPE for measuring electrons, positrons and gamma rays of energies up to 10 TeV [3, 4] . The day-by-day calibrations show that all 1848 readout channels from 616 PMT modules perform properly. The successful operation of the BGO ECAL can be attributed to the strict quality control of PMT modules during mass production.
In the following sections, we describe the BGO ECAL, and the quality control of mass production PMT modules. Our conclusions are presented in the last section.
BGO ECAL
The BGO ECAL is the most critical sub-detector for measuring electrons, positrons and gamma rays of energies from 5 GeV to 10 TeV [5] . It is composed of 308 BGO crystal bars with a size of 2.5 × 2.5 × 60 cm 3 . Each BGO crystal bar is viewed by two PMT modules from both sides, respectively. The BGO ECAL must operate over a high dynamic energy range. The maximum deposited energy in one BGO bar is expected to be ∼ 2 TeV for a 10 TeV electron shower, according to a Monte Carlo simulation. In contrast, the energy calibration of the BGO ECAL relies on minimum ionizing particles (MIPs). The deposited energy from a minimum ionizing particle (MIP) passing through the 2.5 cm thick BGO bar is ∼ 23 MeV. To efficiently discriminate between electron and proton shower profiles, which is critical for hadron background rejection, a lower energy measurement of < 0.5 MIPs is needed. This corresponds to a range of energies from 11 MeV (∼ 0.5 MIPs) to 2 TeV. The readout from each BGO bar must therefore cover a dynamic range of ∼ 2 × 10 5 . To ensure the proper measurement of energies down to 11 MeV, the BGO light signals are attenuated to provide ∼ 100 fC per MIP from dynode 8 of the PMT. This provides a dynamic range on dynode 8 for energy measurement from 0.5 MIPs to ∼ 100 MIPs, a factor of 200. To provide the necessary charge output, the PMT amplification from dynode 2 to dynode 8 must be at least a factor of 1000 [6, 7] .
A total of 616 PMT modules are needed to read out the 308 BGO crystal bars in the BGO ECAL. In order to ensure that a sufficient number of PMTs met the performance targets, 880 PMTs were purchased and 800 PMT modules were assembled. The detailed mass production and quality control (QC) are described in the next section.
3 Quality control of the PMT Modules during mass production
PMT module design
The structure of a PMT module is shown in figure 1 . The PMT is an R5610A-01 (Hamamatsu) phototube with 10 dynode stages [8] . Three dynodes (dynodes 2, 5, and 8) are read out through a PMT baseboard [7] . The relative gain, from the second dynode to the eighth dynode, is required to be > 1000, with good linearity under normal high voltage.
The PMT is wrapped with two layers of amorphous alloy strips, to provide good magnetic shielding [9] , and is inserted and glued into an aluminum sleeve. The sleeve provides mechanical protection for the tube. The sleeve and the black glue protect the PMT from external light.
The PMT is soldered to the baseboards before the PMT module is completed by connecting two aluminum T-shaped support pieces and a polyimide bracket. These are used to fix the PMT module to the lattice of BGO bars.
The PMT modules produced in this way have the advantage of magnetic and optical shielding and are less likely to be damaged. This greatly improves the ease and efficiency of installation.
Quality control for PMT selection
Before beginning PMT module production, it is of great importance to choose the proper PMTs. One way to obtain the most suitable PMTs is to require the manufacturer to choose high-performance PMTs meeting the requirements. However, because of budgetary constraints, we opted to select the proper PMTs by ourselves and design and manufacture our own test system. 88 PMTs at a time were placed in a dark box and powered continuously (1000V, ∼ 100 hours). The dark counts of the PMTs were tested and recorded every 20 hours. Those with dark count rates < 10 Hz were considered to be qualified.
Out of the 880 purchased PMTs, 828 were selected and 800 were inserted into PMT modules.
Quality control for PMT module assembly
During the mass production of the PMT modules, we used a set of documents to guide the assembly procedure and quality control to ensure good quality of production and to minimize the expenditure. These documents included a step-by-step PMT module production manual, a flow diagram of quality control, manufacturer cards, check cards, and record tables for test results. Figure 2 shows the flow chart of PMT module production procedure. There are five check points in total. First, the PMT was inserted inside the aluminum sleeve and fixed in position by pouring in a fast curing black glue (silicone elastomer kit , SYLGARD 170 [10] ), at low pressure (∼ 1 mbar).
In this process bubbles were not allowed, in order to prevent any risk that the glue might explode in the vacuum in space. The definitive processing technology and work flow were confirmed after repeated trials. By examining the test glue stick in each filling batch, batches with no bubbles were qualified while those with bubbles were discarded. A photograph of a typical qualified PMT module, glued inside its aluminum sleeve, is shown in figure 3(a) . In addition, attention also had to be paid to the status of the gelled glue. A typical below grade example is shown in figure 3 (b), which shows that the glue blocks part of the entrance window of the PMT.
Second, the baseboards were prepared. Components were soldered to the baseboards in compliance with aerospace quality control regulations [11] . If their electrical performance is good, a thermal stress screening test can be performed [12] , in which case the baseboards were put into an incubator. The temperature was cycled from −45 • C to +75 • C and it was held for 1.5 hours at the highest point and for 2 hours at the lowest point in every cycle. During this process, baseboards that passed all of the electrical tests such as capacitance and resistance tests were considered to be qualified.
Third, the qualified baseboards were assembled and the PMTs were soldered in their proper positions. If the module passed the electrical test, then it was cleaned and brushed with a conformal coating. A fluid (GD414, a silicon rubber made in China, used in the aerospace industry [13] ) was dispensed near the soldered joints of the cables to maintain the electrical properties of the system. The PMT module was deemed qualified if it passed a wire guide test, a cable continuity test and a detailed visual inspection to assess the quality of the assembly.
Finally, the PMT module was put into a vacuum tank and powered with high voltage at 900V for ∼ 4 hours. If there were no breakdown phenomenon, the PMT module was considered qualified. A photograph of a typical finished product is shown in figure 4 .
During mass production, 797 PMT modules passed the quality controls for the assembly process.
Calibration of PMT modules
The gain and dark count level for qualified PMT modules were measured at the University of Science and Technology of China (USTC) laboratory. The measurement can be divided into three stages, a LED-based test, an evaluation with cosmic rays, and extra tests in preparation for outer spacesuch as vacuum heating and cooling, and mechanical vibration.
LED-based test system
To choose the proper PMT modules for each BGO bar, a LED-based system was set up to measure their gains and dark counts [14] . Figure 5 (a) shows the configuration of the test dark box. It includes an integrating sphere with a LED light pulse fanned out through a bundle of 22 optical fibers, a front end electronics (FEE) board, a high-voltage (HV) fan-out board, and 22 grooves to place the PMT modules. These were coupled to a corresponding optical fiber coming from the integrating sphere. Because there are two dark boxes in our laboratory ( figure 5(b) ), 44 PMT modules can be tested at the same time and each test takes ∼ 30 min.
After the PMT modules were placed in their position, the box was closed and locked. The LED was driven by a programmable pulse generator, and the light luminance increased gradually by adjusting the output amplitude with Labwindows/CVI automatically [15] . Each PMT module was measured with a high voltage of 670 V. The outputs of dynodes 2, 5, and 8 from the 22 PMT modules to be tested were grouped and input to sample and hold VATA160 ASICs (previously VA32 ASICs) [16, 17] in the FEE board [6] . The trigger signal from the programmable generator was used to start the data acquisition (DAQ). The charge signals from dynodes 2, 5, and 8, from each of the 22 PMT modules, were digitized with a 16-bit ADC (AD976A, [18] ) and the ADC counts recorded. The ADC counts measured from dynodes 2, 5, and 8 are referred to as DY2, DY5 and DY8 respectively for the rest of this document. Figure 6 shows a plot of the DY8 versus DY5, and DY5 versus DY2, for one of the PMT modules. A linear fit was carried out in each plot, from 500 counts to 700 counts in figure 6(a) and from 520 counts to 660 counts in figure 6(b) that is the region of operational interest for DAMPE. The gain from dynode 5 to dynode 8 is ∼ 45. The gain from dynode 2 to dynode 5 is ∼ 70. Thus the net gain of this PMT module is ∼ 3150. In addition, the reason for the saturation of dynode 8 and dynode 5 can be attributed to the limit of the input range of the VATA160 ASICs, in which the maximum range is ∼ 12 pC, and the corresponding ADC counts is ∼ 14000. The distribution of gains for 797 PMT modules is shown in figure 7 . The mean value of the gains between dynode 8 and dynode 5 is ∼ 60, while that between dynode 5 and dynode 2 is ∼ 65. To obtain the best gains, the PMT modules were required to have gains of 30-90 between dynode 2 and dynode 5, and between dynode 5 and dynode 8. 739 PMT modules passed these criteria.
The dynamic range (DR) of a PMT module can be defined as: The PMT module dark counts were measured using the LED test box, but without the LEDs being fired. The dark count rate is an important factor in determining the detection ability of a weak optical signal in a PMT module, so testing the PMT module for dark counts is crucial. Figure 9 shows the distribution of the dark-counts of 797 PMT modules measured in the LED-based system. They are all tested under a high voltage of 950V, which is a little higher than that used in space. PMT modules whose dark-count rates are < 4 Hz were chosen for the DAMPE project. A total of 755 PMT modules passed this qualification.
711 PMT modules passed the quality controls in the LED-based test system. Thus over 88% of all PMT modules were found to be of high-performance, and passed the rigorous screening needed for DAMPE.
Cosmic ray test system
After the LED tests, the qualified PMT modules were sorted according to the gains between dynode 5 and dynode 8, and matched to particular BGO bars. The bars and modules were placed in a configuration representing the final arrangement in DAMPE, as shown in figure 10 [19] . When a cosmic ray muon passes through the detector, the output signals of the PMT modules are read out by the same electronics system as that used in the LED-based test stand. According to the cosmic-muon test, all the PMT modules performed well with their corresponding BGO bars. A typical distribution of the deposited energy from MIPs is shown in figure 11 , from dynode 8 of a PMT module. The PMT modules and BGO bars performed well in the ground based cosmic ray test stand.
In the ground test, the deposited energies in each BGO bar are insufficient for making a visible dynode 2 signal from cosmic ray muons. Therefore, just the gains between dynode 5 and dynode 8 
The examinations under extra space conditions
To test the performance of the PMT modules and their corresponding BGO bars for the conditions expected during launch, and in space, a set of examinations under extra "space conditions" was developed (i.e., a vacuum heating and cooling test and a mechanical vibration test).
In the vacuum heating and cooling test, the final BGO ECAL was placed under vacuum, and 12.5 thermal cycling tests (−20 • C-+35 • C) were conducted to verify the thermal design of the detector [20] . During the mechanical vibration test, the detector was fixed onto a shaking platform, whose vibrations simulated the extreme cases of high vibration during launch. Sinusoidal vibration and random vibration tests with different levels were carried out according to the DAMPE Environmental Test Requirements for Payload and the User Manual for LM-2D. The detailed situation is described in [21] .
After the examinations under extra space conditions, all of the PMT modules and the corresponding BGO bars performed well, which proves the efficacy of the selections of the 616 PMT modules. The system was measured in the cosmic-muon test stand. A typical plot of dynode 5 versus dynode 8 is shown in figure 13(a) . The distribution of the gains between dynode 5 and dynode 8 is shown in figure 13(b) , and are very similar to those from the initial cosmic test stand.
Verification in space
In space, MIPs were selected and used to calibrate PMT module gains from dynode 5 to dynode 8. Showering events were used to test PMT module gains from dynode 2 to dynode 5. Figure 14 shows the data from the calibration of a PMT module in space, with (a) the signals from dynode 5 versus dynode 8, and (b) from dynode 2 versus dynode 5.
As shown in figure 15 , the distribution of gains measured in space is almost the same as those measured in the cosmic test on the ground. The PMT modules that passed all the quality controls on the ground were found to perform to the same level in space. The gains measured on the ground agreed with those measured in space to within 40%. Therefore, the tests on the ground have been extremely useful for the selection of the PMT modules for DAMPE and the characterization of their performance.
Conclusion
PMT modules, with high dynamic range readout, were installed in DAMPE to measure high energy electrons, positrons and gamma rays with energies from 5 GeV to 10 TeV. Quality control of mass production PMT modules was performed. All the PMT modules were measured in detail on the ground. Over 88% of the PMT modules meet the requirements of DAMPE. As a result, 616 qualified PMT modules were installed in the BGO ECAL and these all performed well in the ground experiment. The test results were stored in a database and were used as the calibration values for when the satellite is deployed in space. Comparing the test results from the ground and from space confirms that all the PMT modules work well in space, with the results in space, for the dynode gains, agreeing with those on the ground to within 40%. The successful operation of all the PMT modules in space is a reflection of all the important quality control and selection steps carried out on the ground.
